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1. Introduction
Single photons are essential carriers of quantum information, which can be produced, manipulated,
and also can travel long distances preserving their quantum state. They are the main constituents
of quantum networking protocols, and will likely play a major role in the development of quantum
information science (QIS) together with capabilities to process them. The complexity of single photon
processing is growing so the photon imaging capabilities, which give access to multi-dimensional
information and enable scaling opportunities, are becoming even more important.
Testing a technology for detecting single photons would ideally involve sources to produce single
photons, by which we mean modes, either free-space or in fiber waveguides, with a single excitation
present deterministically at a known time. Frequently discussed single-photon sources include quantum
dots [1], beams of single excited atoms [2,3], readable quantum memories [4–6] and quantum metrology
[7]. An alternative approach is to generate tightly time-correlated pairs of photons, where the presence of
a “signal” photon is heralded by the simultaneous presence of its partner “idler” photon [8,9]
In this work we use a quantum interference effect between two near-simultaneous photons to herald
the presence of the pair, and then show that the two photons can be individually detected in both the cases
when they are in separate modes and when bunched together in the same mode. Specifically, we combine
the near-simultaneous photons through a beam splitter and observe the Hong-Ou-Mandel (HOM) effect
[10], which is illustrated schematically in Figure 1
We produce correlated, near-simultaneous pairs of photons through spontaneous parametric
down-conversion (SPDC) in a non-linear crystal; these are then coupled in to a fiber-optic beam splitter
with a variable delay on one input leg of the beam splitter. The outputs from the single-mode fibers are
focused on to a silicon pixel array camera, where we are able to detect both types of outcomes (i) when
the photons emerge from different beam splitter output fibers and are detected individually; as well as
(ii) when the HOM interference causes both photons to emerge from the same fiber, and here we can detect
both members of the pair separately in the pixel camera even while they are in the same spatial mode.
The remainder of the paper is organized as follows. In Section 2 we review different technologies
for single photon detection, and in Section 3 we describe the idea of single photon counting using a fast
camera with excellent spatial and temporal resolution. Section 4 and Section 5 describe the experimental
setup, measurements and data analysis. Section 8 discusses the results and the conclusions that can be
drawn.
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Figure 1. Schematic illustration of the Hong-Ou-Mandel (HOM) effect. Left: Two near-simultaneous
photons with similar wavelength impinge on a beam splitter (BS), and the outputs are registered on two
detectors, D1 and D2. When the photons’ arrival is simultaneous, making them indistinguishable, the
HOM interference effect causes both photons to exit one side of the splitter or the other, inhibiting the
outcome with one photon going to each detector. Right: The signature of the HOM effect is a drop in the
rate of coincident detections at D1 and D2, as the photon arrival times become identical. This is typically
observed as an “HOM dip” in coincidences as a function of some relative time delay at the BS input.
2. Single-photon counting detectors
Quantum applications are one of the major drivers of single photon detection technology, which
imposes stringent requirements on their performance in spectral response, quantum efficiency, noise, dead
time and time resolution. In general, the capabilities of scientific imaging had spectacular improvements
during the last decade with sensitivity, complexity, spatial and time resolution all reaching values
unimaginable before. Silicon-based devices remain front-runners in this competition, aided by the
consumer-fueled semiconductor industry. Despite this, currently it is not feasible yet to detect a single
optical photon with good time resolution in a silicon sensor without prior amplification because of the
noise. The amplification can be achieved outside of the sensor using an image intensifier or, alternatively,
inside the sensor. In the following we will briefly review possible approaches to single photon counting
and will explain where our technique fits. More comprehensive reviews of single photon detection are
readily available elsewhere [11–13].
Modern sensors with internal amplification are based on technologies such as electron-multiplying
charge coupled devices (EMCCD) and, more recently, single photon avalanche devices (SPAD). In the
former the amplification is happening in the additional register in the sensor and the single photon
sensitivity can be achieved without compromising the high quantum efficiency of silicon in the range
of 400 - 900 nm [14–16]. However the slow frame rate and, therefore, poor time resolution remains
a severe limitation for all types of CCDs. SPAD detectors rely on the avalanche breakdown in the
diode junction which results in a large pulse of standard amplitude [17–19]. For SPAD designs various
architectures are possible, some integrating multiple cells into a single large area device with photon
counting capabilities [20] and some using individual SPAD cells. In the latter case the advances in the
complementary metal-oxide-semiconductor (CMOS) technology are enabling integration of these devices
into pixelated sensors. This led to production of SPAD arrays capable of counting and time stamping
single photons with resolution below 100 ps [17,21]. Dark count rate, crosstalk, moderate fill factor (and,
hence, reduced detection efficiency) and challenges of integration into a standard CMOS process remain as
difficulties of this approach, though the technology is rapidly improving.
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Image intensifiers are widely used to convert silicon based CCD and CMOS cameras to high quality
single photon imagers. In this case the quantum efficiency is determined by the intensifier photocathode
and is limited to about 35%. Traditional CCD and CMOS architectures suffer from the low frame rate.
They can efficiently integrate the photon flux in each frame but have limited ability to provide information
on photon by photon basis [22–25]. The intensified cameras allow for nanosecond scale time resolution for
single photons by gating the image intensifier at expense of low duty cycle since only one gate per frame
would be allowed to record the photon by photon information[26]. Photon statistics can be enhanced by
using multiple triggers during a single frame, so the camera integrates multiple photons within a single
acquired image, but in this case the photon by photon information is lost [27]. Unlike CCDs, the CMOS
devices can have more flexible front-end architectures and readout schemes. For example, data-driven
designs, which require the signal to cross a threshold for the readout, are well suited for low occupancy,
which is common for the single photon applications and allow implementation of complex operations
inside the pixels, such as time stamping [28]. In our work here we focus on these devices, which we believe
are a promising venue for the QIS applications.
Low temperature sensors, such as superconducting nanowire single photon detectors (SNSPD) [29–31]
and transition edge sensors (TES) [32,33], have low energy per produced charge carrier and, hence, have
excellent quantum efficiency, including in the infrared telecom range, and amplitude resolution. However,
at the same time they have low scalability due to complexity and low-temperature operation.
Counting of single photons is required in multiple applications of QIS, such as advanced photonic
quantum computing and quantum key distribution protocols, and for characterization of single photon
sources [34,35]. Typically the sources are coupled to fibers so the photons can be sent over considerable
distances. Some types of cryogenic sensors, such as TES, have good amplitude resolution and can resolve
multiple photons relying on the total signal amplitude. Alternative counting schemes rely on various types
of multiplexing when multiple photons are spread over separate devices, either spatially or temporally,
and the output is summed [11,20,29]. In the following we demonstrate that counting of photons from a
single-mode fiber can be performed using a novel single photon sensitive camera with nanosecond timing
resolution, Tpx3Cam. In the context of the above discussion this technique can be considered as a further
development of the multiplexing approach taken to the next level with help of modern CMOS technology.
3. Counting of bunched single photons in a fast camera
The idea of counting photons from a fiber by their detection in a position sensitive sensor is illustrated
in Figure 2, which shows two simultaneous photons coming out of a fiber and focused on to a pixelated
sensor. If the photons are spread enough not to overlap in the sensor they can be detected as separate
hits and counted as independent events. Of course, from time to time two photons could coincidentally
overlap both in space and time and be counted as a single photon, resulting in inefficiency. So the photon
footprint in the sensor, the size of the illuminated spot, pixel deadtime and time resolution all would play
roles in the performance of the technique. In the following we present a practical implementation of this
approach employing a fast camera and a methodology to characterise it.
The Tpx3Cam camera has superior parameters to enable this technique and can resolve photons
spatially and temporally, allowing the photon counting as described above. In our study we used the
two-photon Hong-Ou-Mandel (HOM) interference effect to characterize the performance of the photon
counting. As illustrated in Fig. 1 the HOM effect will cause two identical photons arriving at a beam
splitter to be bunched and exit the splitter on the same side, preventing a coincidence between detections
on the two different output fibers. If the photons are completely or partially indistinguishable, for example,
if they arrive at the beam splitter not at the same time or, more precisely, if both photons are in orthogonal
modes, they could exit on the opposite sides and produce a coincidence between the two fibers. Thus the
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Figure 2. Two photons coming out of a single-mode fiber, focused on to the fast pixel camera and registered
individually.
HOM effect allows the production of well-defined states with single and double photons propagating in a
fiber if we can control their path lengths and detect their arrivals with sufficient time resolution.
3.1. Tpx3Cam fast camera
Registration of single photons and characterization of the sources in the experiments was performed
using an intensified time stamping camera with single photon sensitivity, Tpx3Cam [36,37]. The camera is
a hybrid pixel detector: an optical sensor with high quantum efficiency [38] is bump-bonded to Timepix3
[39], a time-stamping readout chip with 256x256 pixels of 55x55 µm2. The processing electronics in each
pixel records the time of arrival (ToA) of hits that cross a preset threshold with 1.6 ns resolution and stores
it as time code in a memory inside the pixel. The information about time-over-threshold (ToT), which is
related to the deposited energy in each pixel, is also stored. The readout is data driven with pixel dead
time of only 475 ns + ToT, which allows multi-hit functionality at the pixel level and fast, 80 Mpix/sec,
throughput.
The camera was calibrated to equalize the response of all pixels by adjusting the individual pixel
thresholds. After this procedure, the effective threshold to fast light flashes from the intensifier is 600− 800
photons per pixel, depending on the wavelength. A small (≈ 0.1%) number of hot pixels was masked to
prevent recording large amount of noise hits.
In the single photon sensitive operation, the camera is coupled to a cricket with an intensifier and
relay optics to project the light flashes from the intensifier output screen directly on to the optical sensor in
the camera. The image intensifier is a vacuum device with a photocathode followed with a micro-channel
plate (MCP) and fast scintillator P47. The quantum efficiency (QE) of the GaAs photocathode in the
intensifier (Photonis) is about 30% at 810 nm. The MCP efficiency in the used intensifier is close to 100%. A
second intensifier with a hi-QE green photocathode was used in series after the first intensifier to ensure
efficient detection of the hits. The gains of the both intensifiers were optimised to provide the maximum
photon detection efficiency while avoiding saturation. Similar configurations of the intensified Tpx3Cam
were used before for characterization of quantum networks [40,41], quantum target detection [42] and
lifetime imaging [43] studies.
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4. Experimental Setup
Figure 3 shows the experimental setup. The photon pairs are produced in a spontaneous parametric
down-conversion (SPDC) source and are sent to a two-to-two fiber-coupled beam splitter with adjustable
delay in one of the paths. The output fibers are focused on to the fast camera.
Figure 3. The sketch of the experimental setup. Pump beam produced by continuous-wave (CW)
narrow-band (∆λp ≈ 0.7 nm) laser tuned to the wavelength of (λp = 405nm) (SPDC source). The
created SPDC photons are coupled to polarization-maintaining fibers (PMF), where input polarization of
photons in both arms is controlled by polarization plates P1,2. In the delay module, one can tune an optical
path difference between the two legs using a motorized translation stage with 0.3 µm minimal step and
dynamic range of 10 mm. Photon counts are recorded with the intensified Tpx3Cam fast camera.
The SPDC source (QuTools QuED)utilizes a blue pump laser diode tuned to the wavelength of 405nm,
and a pair of Type I non-collinear BBO crystals with optical axes perpendicular to one another to generate
signal and idler photons entangled in polarization at a wavelength of 810 nm. The first crystal optical
axis and the pump beam define the vertical plane, so an incoming photon which is vertically polarized
gets down-converted and produces two horizontally polarized photons in the first crystal. In contrast, a
horizontally polarized photon produces two vertically polarized photons. Signal and idler photons are
spatially separated and collected using single-mode fibers. The rate of entangled photon pairs from the
source after the fibers was about 10kHz. We used the same source and the camera to spatially characterize
photonic polarization entanglement of the SPDC photon source mentioned above [40] so the setup had
linear polarizers used for projective measurements. In our experiments the both polarizers were set to 0
degrees, ie vertical polarization, and so only the vertical-vertical branch of the two-photon wave-function
survives.
The photons are then coupled into polarization conserving fibers, which keeps them in well-defined
modes going into the HOM part of the experiment. Before entering the beam splitter one of the optical
paths has an adjustable delay implemented using a step-motor with a minimal step of 0.3 micron and
dynamic range of 10 mm. The second optical path is fixed. Main components of the HOM interferometer
are shown in a photograph of the optical delay and a fiber-coupled beam splitter in Figure 4. After the
splitter the fibers follow to the intensified Tpx3Cam in a dark box and are focused on to the input window
of the intensifier shown in the same Figure 4.
5. Data analysis
The data was taken continuously for 20 minutes while slowly scanning the optical delay by changing
the distance between the fibers in the 0.3 mm range. Two datasets were acquired, one with the delay scan
in one direction and the other one in the opposite direction. The integrated photon counting rate is shown
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Figure 4. Left: photograph of the HOM interferometer with optical delay and beam splitter. Right:
photograph of Tpx3Cam with two fibers pointing to the intensifier photocathode.
in Figure 5, the two graphs correspond to two fibers. It is visible that the left fiber has a better focusing
(narrower width) than the other one.
Figure 5. Two-dimensional distribution of pixel occupancy for the two fibers.
After time-ordering, the pixels are combined into the "clusters" using a simple recursive algorithm
[37]. Clusters are groups of pixels adjacent to each other and within a preset time window. Each pixel in
a cluster should have a neighboring pixel separated not more than 300 ns. Figure 6 shows distribution
of number of pixels in the cluster. The average number of pixels per cluster is 9 while there is also an
increased number of clusters with four hit pixels due to the symmetry of the 2× 2 pixel clusters. The right
part of Figure 6 shows the ToT distribution for the brightest pixel in the cluster.
Since all fired pixels measure ToA and ToT independently and have position information, it can be
used for centroiding to determine the photon coordinates. The ToT information is used as a weighting
factor, yielding an estimate of the coordinates x, y of the incoming single photon. The arrival time of the
photon is estimated by using ToA of the pixel with the largest ToT in the cluster. The above ToA is then
corrected for the time-walk, an effect caused by the dependence of the pixel electronics time response on
the amplitude of the input signal [37,44] achieving 2 ns timing resolution (rms) [37,45].
To identify pairs of simultaneous photons going to the two fibers, we selected areas of the sensor
corresponding to regions illuminated by the fibers. The two regions are shown in Figure 5. Then, for
each photon detected in one region, we looked for its associated pair at the closest time in the second
7 of 16
Figure 6. Left: distribution of number of pixels in the cluster. Right: distribution of time-over-threshold (ToT) for the
brightest pixel in the cluster, in ns, corresponding to the pixel intensity.
region. Distribution of time difference of the two photons has a prominent peak at 0 corresponding to
the simultaneous photon pairs from the source as shown in the left part of Figure 7. The distribution was
fit to a function consisting of two Gaussians and a constant, the latter accounting for flat background of
random coincidences. The random coincidences could originate from the coincidences of two background
(dark count rate, DCR) photons and also from coincidences of one signal photon and a random photon
when the second photon from the same pair is lost due to the photon detection inefficiency. The second
photon can be either a DCR photon or a photon from another signal pair. The reconstructed number of
signal pairs shown in Figure 7 is 82390± 450 and the Gaussian sigma is equal to 7.3 ns for 75% and 17.8 ns
for remaining 25% of events in the peak. The statistics is integrated over the whole range of optical delay
and represents one of two 20 min datasets.
Figure 7. Left: distribution of measured time difference between photons registered in fiber 1 and fiber 2. Right:
distribution of measured time difference between two photons in fiber 1. The distributions are fit with a double Gaussian
function and a constant, see the text for detail.
A similar algorithm was used to look for two photons in coincidence exiting the same fiber. In this
case the photons from the same fiber were were time ordered so the time difference between them is always
positive. The right part of Figure 7 shows the time difference distribution for two photons registered in the
same fiber. As in the previous case, there is a prominent peak at 0 indicating strong temporal correlation
of the photon pairs. The total number of photon pairs reconstructed in the two fibers is respectively
58370± 340 and 58460± 370 for the shown dataset. We used the same fit function to determine the number
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of events in the peaks and the resulting fit parameters were consistent with the previous fit for two fibers
within uncertainties.
Figure 8 shows six examples of two clusters in a single fiber (fiber 2) separated by less than 100 ns. The
hits are shown as boxed pairs of heatmaps in ToT representation (left graph in the boxed pair of graphs)
and ToA representation (right graph). One can see that the photons could be separated by considerable
distances and indeed appear as two independent photons registered by the sensor.
Figure 8. Six examples of two clusters in a single fiber (fiber 2) separated by less than 100 ns. The hits are shown as
boxed pairs of heatmaps in ToT representation (left graph in the boxed pair of graphs) and ToA representation (right
graph).
Figure 9 shows the distribution of distances between the photon pairs coming out of the same fiber
where the photons are separated in time by less than 25 ns. Two distributions correspond to two different
fibers. One can see that one distribution is slightly wider than the other, in agreement with a broader
distribution for the more defocused beam from the fiber in the right part of Figure 5.
6. Theory: SPDC bi-spectrum and Hong-Ou-Mandel effect
The exact shape of the “HOM dip” feature illustrated in Fig. 1 depends on the spectrum (actually, the
bi-spectrum) of the SPDC-produced daughter photons. In general, we expect the width δT of the dip as a
function of delay time to scale inversely with the bandwidth δω of the photons, i.e. δT ∼ h¯/δω. With a
model of the down-conversion process we can calculate the exact bi-spectrum of the two-photon state, and
then in turn predict a functional form for the shape of the HOM dip we observe.
In the SPDC source photon pairs are produced in two BBO crystals with optical axes orthogonal to
each other, and as mentioned above the polarization of each photon is fixed with polarizers just before the
coupling into single modes of polarization-maintaining fibers. This leaves only the temporal/frequency
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Figure 9. Distribution of distances between the photon pairs in the same fiber for fiber 1 (red) and fiber 2 (blue).
degrees of freedom, and one can write the full bi-photon state (for comprehensive details we recommend
[46]) as follows:
|Ψ〉SPDC = N
(
|vac〉+ η
∫
dωsdωiΨ (ωs,ωi) |ωs,ωi〉
)
, (1)
where N is the normalization constant, |vac〉 denotes a vacuum state of electromagnetic field, and the
square of η is probability of one pump photon to down convert into two photons (typically η2 is of the
order of 10−8 for beams of this power). Here Ψ (ω1,ω2) is a bi-photon wave-function over frequency,
which determines the interference properties of the HOM effect. Noting that the subscripts s, i, p refer
to “signal”, “idler” and “pump” photons respectively, the wave-function in our case can be written as
follows [46,47]:
Ψ (ωs,ωi) =
Ap√
2pi∆ω2p
e
− (ωp−ωi−ωs)
2
2∆ω2p e−
iL∆kz
2 sinc
(
L∆kz
2
)
≈ Apδ
(
ωp −ωi −ωs
)
e−
iL∆kz
2 sinc
(
L∆kz
2
)
, (2)
where Ap is a pump amplitude, the function sinc(x) = sin xx , and L is the length of crystals. Here~k is
a photon wavevector and kz is its component along the pump beam axis; then ∆kz = kpz
(
ωp, φ0
) −
ksz (ωs, θs)− kiz (ωi, θi) is a phase mismatch. Here the components of wave vectors (kpz, kiz, ksz) depend on
the pump, signal and idler frequencies (ωp, ωs, ωi); crystal indices of refraction; direction of propagation
(θs,θi); optical axis orientation φ0 and syncronism type. A detailed account of this derivation can be found
in [46].
The first line of Eq. 2 depends on the bandwidth ∆ωp of the pump beam. But for our source this
is very narrow (less than 1 nm linewidth) compared to the width of the SPDC spectrum, and so we can
replace the Gaussian with a Dirac delta function, that effectively fixes the sum of the energies of the two
daughters. It is worth mentioning that all optical elements downstream of the source have wide enough
frequency band-pass to not limit the SPDC spectrum. Fibers have a specific refraction index (dispersion)
profile, but in fact fibers dispersion should not significantly affect observation of HOM interference due to
the dispersion cancellation effect [48–50] as long as we assume that the refraction index profile and length
of fibers 1 and 2 do not vary too much.
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The SPDC source produces photon pairs in near frequency degenerate regime: ωs ≈ ωi, and ωs +ωi =
ωp leading to strong correlations between the two photons. To prove that reliable registration of photon
pairs in the same fiber is feasible and that they are not due to some instrumental features, we performed
a scan of the optical delay to observe the HOM effect. The scan was done by incrementing the spatial
separation between the two fiber couplers in one of the optical paths before the beam splitter as shown in
Figure 4. In accordance with (1) and (2) the two-photon coincidence rate between the two fibers (HOM
dip) and the rates in each single fiber 1 and 2 (the two-photon intensity correlation or bunching) can be
described by the following expressions:
NHOM dip = N(|d|d0)
(
T4 + R4 − 2T2R2 f (d− d0)
)
Nfib. 1,2 = N(|d|d0)(TR)
2 (1+ f (d− d0)) , (3)
where the beam splitter transmittance and reflectance are T2 + R2 = 1, d is delay length, and d0 is delay at
the HOM dip center. In case of narrow-band pump the function f (d− d0) reads [46]:
f (d− d0) = 34√pi
∫
dy [sinc
(
y2
)
]2 e−iy
√
4 log 2(d−d0)
FWHM , (4)
where FWHM =
√
2pi log 2c/∆ωSPDC is the the full width half maximum for both the HOM dip and the
coincidence rates in each single fiber, 1 and 2; and c is the speed of light. Here ∆ωSPDC is the SPDC spectrum
width (and thus ∆λSPDC = (8pic/ω2p)∆ωSPDC). The experimental data is described with equations (3) and
(4), where we determined from the fit the number of coincidences, N(|d|d0); coefficients T and R; HOM
dip position d0 and FWHM.
7. Results
To analyse the data as function of the delay between two photons we binned the dataset according to
the distance traveled by the adjustable fiber coupler. For each distance bin we determine the number of
signal events in the time difference distributions by fitting them with the same functions as in Figure 7.
Note that the random coincidences are automatically taken into account by the fitting procedure. Figure
10 shows the number of coincidences between two different fibers for the experimental data and the
corresponding fit as function of the delay. The HOM dip is obvious around the delay value of 0.18 mm.
One can see that the data is in agreement with theoretical model and, in general, with expectations
described in the literature [46,51].
The same datasets were used to study behaviour of the photon bunching (coincidence rate of photons
in the same fiber) as function of the delay. The results are shown in the same Figure 10 for two different
fibers used in the experiment. Spikes in the coincidence rates with similar width and at the same delay
values as for the HOM dip are clearly visible, confirming that the detected photon pairs are real.
The FWHM of the dip is 8.2 micron or 27 fs, which is consistent with the bandwidth of the SPDC
source of about 40 nm. The visibility is 42± 3%. The non-ideal visibility can be caused by slightly different
wavelength of the two photons due to different selection in the corresponding fiber couplers in the SPDC
source and their slightly different polarization since the final 1 m long run of the fibers before the camera
was not polarization preserving.
The coincidence rates in single fibers and between two different fibers should be in the proportion
1:1:2 if they are measured away from the HOM dip, so for non-interfering, distinguishable photons. This is
a simple combinatorial property of the 50:50 beam splitter, which is also consistent with Equation (3) above.
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Figure 10. Number of coincidences between two different fibers (fiber 1&2) and within the same fibers (fiber 1, fiber
2), shown for experimental data and corresponding fits as function of the delay between two photons. The delay is
expressed in mm (bottom horizontal scale) and in fs (top horizontal scale). The HOM dip is obvious around the delay
value of 0.18 mm.
However, the three rates shown in Figure 10 do not follow this proportion. The reason is a systematic
effect in the intensifier due to the MCP afterpulsing. Electron avalanches in MCP could result in secondary
electrons or ions producing independent hits in the vicinity of the primary hit [52,53]. The time difference
between the main hit and afterpulse hit is small, typically of the order of nanoseconds or less, so the
coincidence finding algorithm would identify some of these cases as pairs of photons. This will constitute
an important systematic background for our measurements.
The probability of finding a fake single fiber coincidence due to this effect was determined from the
data. Assuming that the produced quantum state has only one pair of photons (so neglecting multi-pair
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production in the SPDC source) we selected a pure sample of registered photon pairs in two different
fibers using events in the coincidence peak in Figure 7. Then, for this sample, we required a companion hit
in the same fiber, for either of the two fibers, using the same pair finding algorithm as used in the analysis.
We found, on average, 153 pairs in a single fiber separated in time by less than 50 ns whilst the number of
coincidences between the two separate fibers was 82390. Therefore, the afterpulsing probability in our
conditions is 0.19%. Multiplying it by the number of single photon hits per fiber, about 10M in the full
dataset, and taking into account the bin width in Figure 10 we estimate the instrumental background of
approximately 85 for the single fiber coincidence rates. After subtraction of this value from the number of
coincidences in Figure 10 the ratio of the three rates agrees with the 1:1:2 proportion within uncertainties.
We also measured the afterpulsing probability using an independent dataset without the beam splitter
with the result in agreement with the above estimation. We note that this correction affects only negligibly
the HOM dip and corresponding peaks for the coincidences since the change of the coincidence rates is
very small, 0.19%.
Figure 11 shows the sum of two-photon coincidence rates in single fibers and between two fibers as
function of the delay. As expected the total rate is constant as required by unitarity and does not show
dependence on the delay within errors. It also confirms that there are no visible inefficiencies or other
systematic effects in the methodology to find photon coincidences in a single fiber.
Figure 11. Sum of two-photon coincidence rates in single fibers and between two fibers as function of the delay.
8. Discussion and Conclusions
Using the HOM effect we demonstrated that the fast time-stamping camera can be employed to
efficiently count small number of photons in fibers if the outgoing photons are spread enough spatially in
the camera. As we already mentioned there are several important experimental parameters which could
affect this photon counting technique: the photon footprint in the sensor, size of the illuminated spot, pixel
deadtime and time resolution. Let us consider limitations stemming from the Tpx3Cam parameters.
Using average cluster size of 3× 3 = 9 pixels and the fiber spot size of 15 pixels in diameter (so
with total area of about 177 pixels) we can estimate that the probability of two simultaneous photons to
blend is about 10%. This makes it clear that the technique has a limited dynamic range since the blending
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would depend strongly on the number of photons. Of course, this source of inefficiency would need to
be convoluted with the intensifier quantum efficiency, of the order of 30-35%, which would be another
limiting factor for the larger number of photons detected in coincidence.
The pixel deadtime is about 1 microsecond. This limits the rate in the fiber to 106 photons/sec
allowing for about 5% inefficiency assuming a CW photon source. This value is orders of magnitude larger
than rates in the presented experiments. The total data acquisition bandwidth of the readout is about 107
photons/sec. The time resolution is a few nanoseconds, so the photons from different pulses should be
separated by more than few dozen nanoseconds so as not to cause problems for the clustering algorithm.
The previous rate limitation will be reached sooner than this one.
The expected HOM dip in the two fiber coincidences and spikes in the single fiber coincidence rates
are in agreement with expectations as well as their sum proving that the above effects are under control
for distinguishing single photon and double photon cases. Though this is consistent with no effect within
uncertainties, we note that a slightly lower amplitude of the "fiber 1" peak in Figure 10 and a downward
fluctuation around the center of the HOM dip in Figure 11 may indicate influence of the hit blending in
fiber 1, which had narrower focusing.
In summary, we believe that this approach is simple, robust and can find applications in photon
counting in situations when the number of photons in fibers is small. Also, it can be easily scaled to a large
number of fibers or photon beams. We estimate that the camera parameters would allow the use of this
technique for a grid of 100 = 10× 10 bunched photon beams. Distribution of the beams in two dimensions
could be achieved by employing acousto-optic modulators (AOM). AOMs are widely used, for example,
for preparing and addressing Bell states and measuring the entanglement fidelity of the neutral atoms
[54,55].
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